shows that there was Al leaching. However, except for the first three weeks of 26 operation, effluents concentrations of both total-and soluble-Al were all below the 27 general regulatory guideline limit of 0.2 mg L -1 . Overall, the study addresses a very vital 28 concern regarding the successful application of Al-WTS in CWs and shows that Al 29 release during such novel reuse is quite low and should not preclude its use. 30 31
Introduction 34
Virtually all drinking water treatment facilities worldwide generate an enormous 35 amount of water treatment sludge (WTS) for which environmentally friendly end-use 36 options are continually being sought as opposed to landfilling. Babatunde and Zhao 1 37 identified eleven ways in which WTSs are currently being reused. However, one 38 innovative option which holds great promise is the beneficial reuse of WTSs as 39 phosphorus (P) adsorbent and as substrate in constructed wetland system (CWs) for 40 wastewater treatment. 2 In particular, aluminium-based WTS (Al-WTS) has attracted 41 considerable attention as it is the most widely generated WTS worldwide. It offers huge 42 benefits particularly for P removal and biofilm attachment when used as substrate in 43
CWs. 2 
44
The origin of the use of dewatered Al-WTS as main substrate in CWs lies in the fact 45 that performance of CWs is good in terms of removal of organics and suspended solids 46 (SS), but their performance as regards nutrient reduction (especially P) has been 47 inconsistent and often low. Consequently, several alternative substrates with high P 48 sorption capacity have been tested mostly in laboratory scale as potential adsorbents to 49 reduce P concentration to acceptable levels in CWs. Investigations revealed that Al-50 WTS has suitable physicochemical characteristics for use as CWs substrate and it is 51 mainly composed of amorphous aluminium which greatly enhances P adsorption 52 capacity.
3 By reusing it as CWs substrate, P removal can be greatly enhanced while at 53 the same time, a sustainable disposal alternative which converts Al-WTS from residual 54 into a resource for wastewater treatment will have been developed. However, since Al is 55 a dominant constituent of Al-WTS, there are concerns about Al leaching during Al-56 WTS reuse in CWs for wastewater treatment. Such concerns need to be addressed and 57 potential risk to the environment must be properly evaluated before any large-scale 58 application of Al-WTS in CWs can be assured. 59 searches were also conducted using web-search engines. The terms alum sludge reuse 85 and reuse of aluminium-water treatment residual were used individually and incombinations with other terms such as phosphorus removal, aluminium release and 87 aluminium leaching. 88 Table 1 shows the results of the desk review conducted with regard to the current 89 state of knowledge on Al release during Al-WTS reuse particularly for P removal. A 90 total of 35 related studies were reviewed. Except for the studies where Al release was 91 not particularly monitored or studied, all the other studies reportedly observed Al 92 release. Out of the 35 studies reviewed, Al release was mentioned or observed in 22 93 studies. However, although Al release was not reported in 13 of the studies, it does not 94 suffice to conclude whether Al was released or not. Concentration of leached/soluble Al 95 reported ranged from 0.01 to about 20 mg L -1 ( Fig. 1) were also analysed to assess the treatment performance and efficiency of the CWs. 145 146
Results 147
Detailed results of the field performance of the CWs are outside the scope of this 148 paper. However, in brief, the system showed great promise as a low-cost system of 149 choice for effective removal of pollutants from wastewater. During the first year of 150 operation, the mean monthly removal efficiencies obtained was determined to range 151 from 56.6%-83.5%, 35.6%-84.2%, 11.2%-77.5%, 48.5%-92.5%, 75.4%-93.8%, 73.0%-152 96.5% and 46.3%-83.3% for BOD 5 , COD, TN, NH 3 , TP, P and SS. Furthermore, the 153 system showed distinct P removal which was high and sustained from the beginning of 154 the trials and also, the system was effective in reducing levels of ammonia-nitrogen in 155 the influent. It was concluded that for the study period, Al-WTS can be safely used to reduce P leaching into ground water without increasing the Al concentration of ground water.
10
Laboratory scale
An investigation into extending the reuse of Al-WTS as an adsorbent for condensed P.
It was reported that loss of solids was minimal and the Al content in the treated effluent remained below 0.1 mg-Al 3+ L -1 .
11
The studies were aimed at extensive characterization of Al-WTS as a potential substrate in engineered wetlands and its trial as a media in four different configuration of laboratory scale wetlands
The Al-WTS was characterized as being mainly composed of amorphous aluminium. The study objective was to determine WTS component responsible for P sorption and reduction of P in runoff water using 21 Al-WTSs.
Al leaching/release not particularly mentioned nor studied.
16

Batch study
Freshly precipitated spent Al-WTS and alum were tested and compared for their efficiency to remove phosphorus in synthetic wastewater
Al leaching/release not particularly mentioned nor studied
Laboratory scale
The study examined four WTSs from North America to determine the coagulant role in phosphate adsorption by the WTSs Al leaching/release not particularly mentioned nor studied. To study the feasibility of reusing Al-WTS to improve particulate pollutant removal from sewage Al leaching/release not particularly mentioned/studied. However, reference to earlier works by the same authors shows that few soluble aluminium ions were found in the Al-WTS reuse tests.
20
Laboratory scale
To assess the potential of WTSs to sorb and immobilize Hg from aqueous solution in a series of batch experiments
The dissolution of Al was found to be significant at pH 3 (~ 7 mg L -1 ), and at pH ≥ 4 concentration of Al were either lower than the 0.2 mg L -1 limit or below the detection limit (3μg L -1 ). However, the leachable Al concentration obtained using the synthetic precipitation leaching procedure test was below the local groundwater guideline limit of 0.2mg L -1 .
20
Study was conducted to determine factors affecting the leaching out of metals (Al, Fe, Ca, Mg, Mn) from WTS It was reported that Al, Fe and Ca are generally immobile in WTS but these metals will leach out quickly when the pH < 4.
21
To study P adsorbing mechanism(s) of Al-WTS Increased desorbed Al concentration was reported 22
Laboratory and field studies
The study examined the effect of Al-WTS discharge on a natural wetland Al-WTS was found to have no adverse effect on water quality of the swamp and also growth and development of aerial biomass in Phragmites mauritianus despite the resultant lowering of phosphorus concentrations in the Phragmites stand. Sediment chemistry was reportedly affected by the discharges but not to any considerable effect. However, Al toxicity in the rooting system was reported to cause root abnormalities.
Laboratory scale
To test alum sludge as an inexpensive alternate adsorbent for various P species in wastewater.
Al release was observed. Al concentration of the solution had lowest values around pH 6 for inorganic phosphates. At pH > 6, greater amount of Al was dissolved by the adsorption of inorganic phosphate than in the controlled set. In column experiment, Al concentration was found to be below 0.01mg L -1 for pH 4 and 5 while for pH 3 and 12, it was noted that the Al concentrations could be a concern. Application of Al-WTS was reported not to cause aluminum phytotoxicity symptoms.
21
25
The study evaluated the ability of WTSs to adsorb As(V) and As (III)
26, 27
Al-WTS was incorporated into the manufacture of red ceramics and the influence of firing temperature on the technological properties of the red brick was evaluated Al leaching/release not particularly mentioned nor studied.
28
To determine the leachability of aluminium from residuals generated from phosphorus treatment using different types of wastewater on Al-WTS. Leachate concentrations as obtained from Toxicity characteristics leaching procedure (TCLP) tests were examined to evaluate the leaching potentials in land based disposal options. The study was aimed at investigating the effectiveness of Al-WTS (oven dried) for the adsorption of phosphorus from aquaculture process water. Batch adsorption tests and fixed bed column tests were used Al leaching was observed and leachate value was reported to be < 0.5mg L -1 . Al leaching was consistently high at the beginning of experiments but became lower in the course of experiments. Highest and lowest leaching were reported to occur at pH's 3 and 5, respectively. It was concluded that Al level in the leachate was within reasonable range for surface water disposal and the level is not high enough to cause toxicity for aquatic species if disposed. The study was aimed at investigating the effectiveness of Al-WTS (oven dried) for the adsorption of phosphorus from secondary municipal effluent. Batch adsorption tests and fixed bed column tests were used
Al leaching was observed and it was reported to be high (> 1 mg L -1 ) at the beginning of the experiments for both pH's 5 and 7, and decreased to < 0.2 mg L -1 in the course of the experiment. It was concluded that Al level in the leachate was not high enough to cause toxicity for aquatic species if disposed.
32
Laboratory scale A laboratory experiment was performed to assess the leaching of dried Al-WTS to five lake water samples. Tests were also done to evaluate the effect of pH levels (4, 5.5 and 7) and drying mechanism of Al-WTS (oven, air or freeze-thaw).
It was inferred from the results obtained that low background Al concentrations has an effect on the increasing leachability of Al from oven-dried Al-WTS. In one of the samples studied, it was further observed that the addition of oven-dried Al-WTS decreased the Al level in the Lake sample with an exception at pH 4. Furthermore, it was reported that high Al concentrations in uninterrupted lake water were eventually adsorbed onto Al-WTS. Overall, it was reported that changes in pH did not affect the leachability of oven-dried Al-WTS and drying of Al-WTS did not affect the Al leachability.
7
Batch and fixed bed column tests Fixed bed columns were used to evaluate the effectiveness of P adsorption on oven dried alum residual solids with emphasis on the effect of key operating parameters (pH, particle size, and initial P concentration) on effectiveness of P removal.
Al leaching was found to be higher than 20mg L -1 for an influent pH level of 3.
33
Review
A review was undertaken to assess the feasibility of various disposal options for WTSs The study aimed to investigate the technical feasibility of integrated constructed wetland system consisting of a pre-filter unit and a constructed wetland in series, packed with Al-WTS and oyster shells as the filter media respectively, for nitrogen and P removal from domestic wastewater.
36
The study aimed to evaluate the effect of WTS type and application rate on As immobilization in two soils with contrasting physicochemical properties and to determine the As desorption potential in the presence of WTSs from the As loaded soils using high rates of common fertilizer P Al leaching/release not particularly mentioned nor studied.
37
To examine the reuse of Al-WTS as an adsorbent for the removal of fluoride from polluted waters using raw and treated Al-WTS in flask shaking experiments
Not mentioned 38
To carry out physiochemical characterization of the WTSs and assess their potential for land application.
Exchangeable Al ranged from 0.05 to 0.07 cmol kg -1
. It was suggested that the low exchangeable aluminium values which reflect very low acid producing potential is as a result of the lime component of the WTSs and their neutral to alkaline pHs. It was suggested that the WTSs have potential for land application but an exception may be where extreme acidity may render their neutralising capacity ineffective.
39
Laboratory scale An investigation into the mechanism and characteristics of P adsorption onto Al-WTS A major conclusion from the study is that Al in the alum sludge is in a stable and immobilized form at the test pH range of 5.98-7.21.
Laboratory scale
To explore novel application of dewatered alum sludge as a main substrate in a single model reed bed to treat P rich animal wastewater on a short term basis.
The possibility of substance release during such reuse was highlighted 41 465 466
